The phase structure, crystallization and melting behavior of high density polyethylene (HDPE) blends with hydrogenated petroleum resin P-100 were investigated by polarized optical microscopy (POM), scanning electron microscopy (SEM) and differential scanning calorimetry (DSC). Results of polarized optical microscopy and scanning electron microscopy indicated that the structures of blends had a three-dimensional bi-continuous network. The network sizes depended on the blends composition and crystallization conditions, when the blends were quenched or cooled down slowly below the melting temperature of HDPE from molten state; the network sizes decreased with both the increasing of HDPE content and the decreasing of the quenching temperature. Differential scanning calorimeter analysis revealed that the melting point and crystallization temperature of HDPE in blends shifted to lower temperature with the decreasing of HDPE concentrations. The depression of HDPE melting point and crystallization temperature in blends were attributed to the smaller sizes of HDPE crystallites in presence of petroleum resin. The activation energy values and nucleation activity values indicated HDPE had lower crystallization activation energy and P-100 acted as a more effective nucleating agent only at low HDPE concentration.
Introduction
Polystyrene (PS) is a typical brittle glassy polymer exhibiting high strength and High Density Polyethylene (HDPE) is a commercially important semi-crystalline polymer and has high performance properties among polyolefins such as high chemical inertness, and the capability of being reinforced with fillers and toughened with elastomer. In the previous studies, blends of HDPE with other polymers have assumed considerable importance [1] [2] . For instance, HDPE and polypropylene (PP) blends have been widely investigated to improve the properties of PP [3] [4] [5] [6] . However, in recent years, blends of HDPE with small molecules intrigued more investigators, Yu-Lin Yang et al. added CaCO 3 into HDPE/POE blends to increase the storage modulus and loss factor [7] ,Bing Na et al. studied HDPE and EVA blends and found that when EVA content was up to 40 wt%, the co-continuous phase was formed [8] , A. H. Fawcett et al investigated the properties of blends of HDPE with low molecular weight resins such as asphalt and rosin and then mainly put forward the effects of resins on HDPE thermal and mechanical properties [9] [10] [11] [12] .
Very recently, we found a quite interesting co-continuous structure when we cooled a homogeneous blending of HDPE with some petroleum resins, in which HDPE contents being less than 50 wt%, that is to say, both components can form a bicontinuous structure. Petroleum resin is a kind of low molecular weight resins comprising a class of synthetic polymer products derived from a mixture of unsaturated monomers obtained as volatile by-products in the cracking of petroleum naphtha [13] [14] . It is similar to HDPE in structure that both are saturated C-C bond in main chain. Few studies about PE and petroleum resin blending solely can be found in the literature to our knowledge whose potential interest will be gained much more.
In the present study, the properties of blends of HDPE with a kind of full hydrogenated petroleum resin (P-100) in which HDPE contents are about 6 wt% to 50 wt% were proposed. The main purpose of this study is to present morphological information about phase separation and to discuss the effects of P-100 and POE on thermal and dynamic mechanical properties of HDPE. The blends were tested by polarized optical microscopy (POM) to characterize the process of phase separation, by differential scanning calorimetry (DSC) to characterize the thermal properties, and by scanning electron microscopy (SEM) to characterize the phase structure.
Results and discussion

POM
The optical micrographs of the super-structure produced in HDPE/P-100 blends quenched from 200 °C to 12 °C are shown in Fig. 1 , where it may be seen that there is evidence for two phases in each blend. The bright part corresponds to HDPE-rich phase and the black part is petroleum resin rich phase, respectively. It shows that the HDPE-rich phase forms a three-dimensional continuous network structure, whereas the petroleum resin is enclosed in the network structure. So the blends form a bi-continuous structure when HDPE content varies from 6 wt% to 25 wt%. HDPE content has a great effect on the network size. With the increasing of HDPE content from 6 wt% to 25 wt%, the network size decreased from about 40 μm to 3 μm. When HDPE content is 6 wt%, the network is not integrated and broken in some places ( Fig.1 a) ; when HDPE content is 25 wt% perfect network can be formed (Fig1. d). When HDPE content is more than 25 wt%, the network size is too small to distinguish. It means the higher HDPE content is, the smaller the network size formed. When the quenching temperature is far below the glass transition temperature (T g ) of P-100, as shown in Fig. 2(a) and Fig. 2(b) , chain segments of P-100 were frozen in a short time and these two phase fix simultaneously. On the other hand, the size of the HDPE network shrinks at low temperature .When the quenching temperature is close to the T g of P-100, such as in Fig. 2(c) and Fig. 2(d) , P-100 chain segments move to some extent and HDPE network coarsen at the same time. So the network sizes are bigger than that at lower quenching temperature.
In order to observe the super-structure formation process, we conducted the test on a hot-stage. The HDPE/P-100 blends were melted completely at 200 o C for 5 min and then cooled at a rate of 1 °C /min. The structure formation process of HDPE network is shown in Fig. 3 . HDPE is found to be compatible with P-100 above the melting point of HDPE and P-100, but the blends form a two-phase blend under the melting point of HDPE. When the blend is cooled to 142 °C, the sample becomes blurred and phase separation could be observed. 4 min later at 138 °C, as shown in Fig. 3(a) , droplets domains are formed. When the blend is cooled to 130 °C ( Fig. 3(b) ), the HDPE phase forms a network everywhere within the view of the microscope. The P-100 phase is separated by the HDPE phase and forms independent small droplets. At 125 °C (Fig 3(c) ), the P-100 droplets grow much bigger and the structure becomes more clearly defined and the P-100 phase diameter reaches to 4 μm. The network structure expands and the P-100 phase coalescences with further decrease in the temperature. Finally the network reaches a critical network size about 10 μm after which the shape of the network structure do not change significantly. The spherical crystals can be observed with polarized optical microscope. The P-100 phase becomes obscure in the confined geometry space, only the HDPE spherulites can been seen eventually, such as in Fig 3(d) . Therefore, it can be supposed that in the HDPE/P-100 blends liquid-liquid phase separation occur first and then HDPE crystallizes during the cooling process. Fig. 4 shows the final spherical crystals formed at room temperature as observed with polarized optical microscope. The interface of spherical crystals is very clear. In this coarsening process of the network, the thickness of the HDPE phase keeps constant with the increase in P-100 phase droplet size.
DSC Analysis
In binary blends of non-crystalline polymers, compatibility is often assessed by the observation of single or separate glass transitions. But when one or both components are able to crystallize, the analysis can be more complicated. The thermo-analytical curves of neat P-100, neat HDPE and their blends are reported in Fig. 5 . One endothermic peak appears at the thermo-gram of HDPE and blends due to the melting of HDPE crystals compared with neat HDPE; HDPE in blends melts at lower temperature. The depression of the HDPE melting point by the presence of P-100 may be attributed to the crystallites having a smaller size, an effect described by the well known Thompson equation and examined in studies on lamella in polypropylene and polyethylene [15] . Another possible reason is the amorphous P-100 melt into the HDPE crystallite, thus it makes the depression in HDPE melting point. Of course, we neglect consideration of the interfaces and imperfections within crystallites. P-100 causes deterioration in the crystal perfection of HDPE in blends, and P-100 can accelerate the crystal nucleation of HDPE, which results in the increase of the amount of the crystallized HDPE. At the same time, HDPE dissolve in P-100 melt; the large amount of P-100 matrix also dilute the HDPE crystals. It makes the crystal smaller when HDPE content is relatively low. For the neat HDPE, the crystallinity is 54% calculated from DSC, but it may be seen that about 61% of HDPE has crystallized when each blend has cooled to room temperature from its temperature of preparation. The X c values do not change significantly with the HDPE/P-100 ratio. For each blend the P-100 promotes the extent of crystallization of HDPE by increasing proportion within the amorphous P-100 rich phase which lowers the melting point of the crystalline regions within the HDPE-rich phase by making the crystallites smaller.
Activation Energy
The activation energy for the transport of the polymeric segments to the growing crystal surface ΔE can be determined using Kissinger approach [16] by using the relation, ΔE = -RX slope (Fig. 6) . The activation energy values, ΔE, as calculated from the slope of the curves are shown in Table 2 From Table 2 , it is obvious that the presence of P-100 cause significant change in the value of activation energy. However, when HDPE content are 15 wt% and 25 wt%, the activation energy is far below that of HDPE. When HDPE content is 40 wt%, the activation energy is close to that of HDPE, which is similar to the nucleation activity of P-100 in the blends as described below.
Nucleation activity
The nucleation activity of P-100 in HDPE/P-100 blends was determined from the method proposed by Gutzow and Dobreva [17] [18] . According to the relationship in the process of non-isothermal crystallization (equation 2):
where C is constant, mc T is super-cooling equal to T m -T mc and B is threedimensional work which can be calculated from the equation (3): 
where ω is a geometrical factor, σ is the special surface energy, V m is the molar volume of the crystallizing polymer, κ is the Boltzman constant, ΔS m is the entropy of melting and n is Avrami exponent. The nucleation activity of filler φ in the blends is defined as the ratio ( . If the filler is extremely active for nucleation the φ approaches 0 and for an absolutely inert particle, the value of φ is 1. So, the nucleation activity of P-100 in blends can be directly calculated from the ratio of the slopes of the linear plots of logβ vs. T for HDPE and HDPE/P-100 blends are shown in Fig. 7 and the values of nucleation activity φ are given in Table 3 . 
Tab. 3.
Nucleation activity values for HDPE/P-100 blends.
Blend
Nucleation activity φ HDPE/P-100 (15 wt% HDPE) 0.44 HDPE/P-100 (25 wt% HDPE) 0.58 HDPE/P-100 (40 wt% HDPE) 0.81
The values of nucleation activity φ for HDPE/P-100 blends are all less than 1.0; this means that P-100 can cause nucleation of HDPE in blends. When HDPE concentrations are 15 wt% and 25 wt%, φ is lower than that of 40 wt% HDPE. The lower the HDPE content, the thinner thickness of HDPE, the larger relative the contact area between HDPE and P-100, the less activation energy is needed to form nuclei; heterogeneous nucleus can be gained profitably. That's why the nucleation activity of P-100 in low HDPE content is lower than that in high HDPE content.
Morphology of the blends
SEM images of the super-structure of HDPE/P-100 blends without etching P-100 are shown in Fig. 8 . The white part denotes the HDPE phase and the black part is P-100 rich phase. It can be observed the HDPE phase connects with each other and forms networks. When HDPE content is 15 wt%, the network size is 2 μm. However the size changes to about 1 μm when the content of HDPE increases to 25 wt%. When HDPE content increase to 40 wt%, the network size changes irregularly, but it is less than 1μm .The tendency is in agreement with the result of Fig. 2 . HDPE and P-100 form the bi-continues networks which is similar to interpenetrating polymer networks, HDPE phase encapsulates P-100 phase. Although the networks size increases with the decreasing of HDPE content, but the wall thickness decreases which promotes the interfacial effects between HDPE and P-100. The thickness of interfacial layer between HDPE and P-100 increase with HDPE content, indicating the activation energy required for crystallization in HDPE rich phase is much higher. But the heterogeneous nuclei formed at the interfaces between HDPE and P-100 help to lower the activation energy required for forming HDPE stable nuclei, that is why the degree of crystallinity of HDPE in blends is higher than that of neat HDPE. For cooling process the crystallinity changes slightly. It is related to the viscosity of the blends. The viscosity increases with P-100 content, it confines the P-100 nuclei migrant from P-100 to HDPE. At the same time, the confined geometry limits the crystals growth rate, so the increase in nucleation rate overcomes the decreasing of growth rate; it makes the crystallization in blends to be close which is also reported in Table 1 . Fig. 9 shows the SEM images of the super-structure of HDPE/P-100 blends with P-100 phase etched with CCl 4 . The SEM images show the appearance of interconnected network of the HDPE phase. It can be observed that many hollow spherical holes like cells around walls whose thickness was approximately 0.2 μm when HDPE content was below 25 wt%. Moreover there were lots of small holes on the surfaces of the walls, whose diameter was about one fifth of the cell. That means the P-100 phase is continuous as well as the HDPE phase. Thus P-100 and HDPE formed the bi-continuous network. When HDPE content was 15 wt%, the network size was about 1.5 μm, however when HDPE content was 25 wt%, the network size was about 1 μm at most as shown in Fig.9 (b) . But when HDPE content is 50 wt%, the network size changed to 0.3 μm, the trend was coincident with the images of POM in Fig. 1 .We can consider a priori that HDPE content affected the networks seriously. Fig. 9 . SEM images of HDPE/P-100 blends: (a) 15 wt% HDPE, (b) 25 wt% HDPE, (c) 50 wt% HDPE.
Conclusions
A two-phase bi-continuous network was formed in solid state in HDPE and P-100 which is similar to cell structure when the content of HDPE is low. POM and SEM images indicate that the HDPE network sizes decrease with increasing content of HDPE. The structure formation process reveals the HDPE/P-100 blends occur liquidliquid phase separation firstly and then HDPE crystalline at the cooling process. The DSC diagrams show that the depression of HDPE melting point and crystallization temperature in blends attributes to smaller size crystallites of HDPE by the presence of P-100. The activation energy values determined from the Kissinger method indicates that the transport of HDPE segments to the growing crystal surface is far below than that of neat HDPE when HDPE content in blends is low, but when HDPE content is up to 40 wt%, the value is close to that of neat HDPE. The nucleation activity for blends using Gutzow and Dobreva approach observes P-100 can cause nucleation of HDPE in blends, but P-100 acts as an effective nucleating agent only at HDPE concentration lower than 25 wt%.
Experimental part
Materials
High density polyethylene (HDPE) was supplied by JILIN Petrochem. Corp., CHINA Petroleum, MFR 21.2 g/10min at 190 °C, density = 0.95 g/cm 3 . The petroleum resin P-100 (fully hydrogenated) was supplied by ARAKAWA Chemical Industries, LTD. JAPAN). The characteristics of the petroleum resin are listed in Table 4 and the schematical chemical structure is shown in Fig. 10 . Fig. 10 . Structure of hydrogenated petroleum resin P-100.
All the blends were prepared in the mixing chamber of a HAAKE Rheometer 300P at 160 °C with a rotor speed of 60 rpm for 10 min, then cooled to room temperature to make HDPE/P-100 blends.
Polarized Optical Microscopy
Polarized optical microscopy was performed with a Nikon transmission-type optical microscope with a colour video camera. Temperature conditions including several cooling rates were controlled by a Mettler FP82 hot stage. Specimens were prepared as following: The homogeneous HDPE/P-100 mixture at setting temperature was placed on a pre-cleaned 25 × 75 ×1 mm 3 microscope glass slide and then covered with a 12 ×12 × 0.17 mm 3 cover-glass, then the sample was heated to 200 °C on a hot stage. Two cooling methods were used to observe the structures and morphologies of the blends. The first cooling method was cooling to room temperature at a constant rate. The second way was quenching sample in water to a certain temperature, kept for 20 s, and then cooled to room temperature.
The process was recorded with a camera, and images were used for the structure analysis. The estimation of structure size was based on the photocopies of the recorded process.
Thermal Analysis
The thermal properties of the blends were measured by Differential Scanning Calorimetry (NETZSCH, PC200). The specimen (appro. 7 mg) was heated in a sealed hermetic aluminum pan from 20 °C to 180 °C at a heating rate of 10 °C /min under nitrogen and kept for 5 minutes to erase its thermal history and then cooled to 100 o C at different cooling rate from 3 °C /min to 30 °C /min. The observed melting temperature (T m ) was obtained from the maxima of the endothermic peaks. The crystallinity of HDPE phase [X c ] in the blends, were calculated by the following equation (4) 
